The small intestine extends between the stomach and colon and is divided into the duodenum, jejunum, and ileum. Although there are minor microscopic differences among these subdivisions, all have the same basic organization as the rest of the digestive tube -mucosa, submucosa, muscularis externa, and serosa or adventitia. The transition from one segment to another is gradual. The proximal 12 inches of its length is generally considered duodenum, the remaining proximal two-fifths jejunum and the distal three-fifths ileum. The small intestine moves chyme from the stomach to the colon and completes the digestive processes by adding enzymes secreted by the intestinal mucosa and accessory glands (liver and pancreas). Its primary function, however, is absorption. Approximately 8 to 9 liters of fluid enters the small intestine on a daily basis. Food and liquid intake represents 1-2 liters of this volume the remainder coming from endogenous sources such as salivary, gastric, intestinal, pancreatic, and biliary secretions. Of this volume 6-7 liters is absorbed in the small intestine with only 1-2 liters entering the colon the majority of which is absorbed at this location. Only as very small amount of fluid is evacuated in the stool. The majority of water is absorbed passively in the gut and is largely dependent on an osmotic gradient.
cylindrical cell that rests on a delicate basement membrane and shows a prominent striated (microvillus) border at its free surface. Prominent terminal bars unite the intestinal absorptive cells at their apices, and desmosomes scattered along the lateral surfaces help hold the cells in close apposition. The microvilli that make up the striated border are covered by a layer of glycoprotein (glycocalyx) that is elaborated by the intestinal epithelial cells. This glycoprotein layer has been called the surface coat and is resistant to mucolytic and proteolytic agents. It is believed to have a protective function and to be involved in the digestive process. Although considerable digestion occurs in the intestinal lumen due to the presence of pancreatic enzymes and bile salts, a significant amount of digestion also occurs near the microvillus surface prior to absorption. Enzymes that take part in the breakdown of disaccharides and polypeptides are present within the glycocalyx or along the plasma membrane of the microvilli. Numerous enzymes are present at this location and include enterokinase, peptidases, sucrase, maltase, and lactase. If the enzyme lactase is absent a condition known as lactose intolerance results. In addition to contributing to the digestive process, the intestinal absorptive cells are actively involved in the absorption of tripeptides, dipeptides, amino acids, monosugars (glucose, galactose, fructose), and lipids from the intestinal lumen. Absorbed materials passing through the epithelium must enter the cell through the apical plasmalemma and are prevented from passing between the cells by the zonulae occludens, which form a tight seal around the apices of the cells. The breakdown products of sugars and proteins pass through the basal plasmalemma to enter blood capillaries within the connective tissue cores of the villi. Lipid absorption is peculiar in its pathway through the intestinal absorptive cells and in the fact that lipids enter lymphatic channels rather than the blood vascular system. Fats (primarily triacylglycerols) are emulsified by bile salts and broken down to fatty acids and monoacylglycerols by pancreatic lipase. Long chain fatty acids, cholesterol, monoacylglycerol, fat soluble vitamins (A, D, E, and K) are then packaged into micelles and absorbed. Resynthesis of triacylglycerol occurs in the smooth endoplasmic reticulum of the apical cytoplasm after they pass through the apical cell membrane. The reformed lipid makes its way to Golgi complexes, where it is complexed with apoproteins to form lipoprotein droplets called chylomicrons. Chylomicrons have no limiting membranes and are discharged through the lateral cell membranes of the intestinal absorptive cells into the intercellular space at the level of the nucleus, thus bypassing the basal regions. The chylomicrons pass down the intercellular spaces, through the basal lamina, and enter lymphatic channels (lacteals) after passing between endothelial cells. In contrast, short-and medium-chain fatty acids enter the blood vascular system. The majority of fat absorption occurs in the ileum. As in other transporting epithelia, the zonula occludens junction not only tightly unites the apices of enterocytes into a continuous epithelial layer but also functions to clearly separate the enterocyte plasmalemma into apical and basolateral domains. Each contains specific transmembrane proteins unique to its domain. The apical cell membrane domain is rich in transmembrane proteins concerned with electrolyte transport and ion-coupled transport processes that bring materials into the cell from the intestinal lumen. Much of enterocyte absorption is linked to the transport of sodium. Sodium can enter the cell via a transmembrane protein ion channel or by transmembrane proteins that must bind to both sodium and chloride before either ion enters the cell, a coupled cotransport process. In addition, sodium can be absorbed by a sodium-solute-coupled cotransport mechanism. Solutes such as galactose, glucose, dipeptides, tripeptides, amino acids, water-soluble vitamins, and some bile acids are cotransported with sodium through the apical plasmalemma and into the cell by this mechanism. Once within the cytosol the solute follows a concentration gradient and is discharged from the cell through the basolateral plasmalemma. Sodium-hydrogen ion and chloride-bicarbonate ion exchange mechanisms also exist in the apical plasmalemma and are usually coupled to the absorption of sodium chloride. The absorptive sodium gradient established at the apical plasmalemma is maintained by a sodium, potassium-ATPase transmembrane protein located in the basolateral plasmalemma that functions as a sodium pump moving excess sodium into the extracellular space in exchange for potassium ions. The movement of water generally follows the movement of sodium, chloride and solutes (glucose, amino acids) from the intestinal lumen. In general, sodium ion is transported first creating a transepithelial gradient followed by chloride ion and water. Fructose is absorbed by a facilitated diffusion mechanism. Calcium absorption is dependent on the presence of the active form of vitamin D (1, 25-dihydroxycholecalciferol) that promotes the synthesis of a Ca ++ binding protein (calbindin) in enterocytes. Small intestinal enterocytes absorb phosphate utilizing a sodium/phosphate transporter the activity of which is also stimulated by the activated form of vitamin D. Iron is absorbed primarily as ferroheme (bound to myoglobin or hemoglobin) or as free Fe ++ and transported in the blood plasma by a protein known as transferrin. Some ion trapping also occurs in the intestinal tract depending on the circumstance. Ammonia (NH3) is lipid soluble and enters the intestinal lumen by passing through the intestinal lining epithelium. When it combines with hydrogen ion to form ammonium (NH4 + ) the hydrogen ion is trapped as ammonium which is not lipid soluble and is lost in the feces. Goblet cells are scattered between the intestinal absorptive cells and increase in number distally in the intestinal tract. The mucus secreted by these unicellular exocrine glands lubricates and protects the mucosal surface. The apical regions of the goblet cells often are expanded by the accumulation of secretory granules; the base forms a slender region that contains the nucleus, scattered profiles of granular endoplasmic reticulum, and occasional Golgi complexes. Goblet cells lie within the lining epithelium and are united to intestinal absorptive cells by apical tight junctions and scattered desmosomes along the lateral surfaces. Goblet cells also migrate from the intestinal glands, eventually to exfoliate at the tip of the villus. In humans, the life span of goblet cells is about 4 to 5 days. They may secrete continuously but are believed to pass through only one secretory cycle. Mucin granules are released by exocytosis and within a few seconds expand several hundred-fold in volume due to the hydrophilic nature of the mucin granules. The resulting mucus is a viscid fluid gel consisting of glycoproteins. It is less viscid in the intestinal gland region. Endocrine cells also are present in the epithelial lining, scattered within the epithelium of the villi and intestinal glands, but are far fewer in number than goblet cells. Endocrine cells secrete peptides/amines that influence gastric and intestinal secretion and motility, gallbladder contraction, and pancreatic and liver function. They are characterized by dense secretory granules, scattered profiles of granular endoplasmic reticulum, and an electron-lucent cytoplasm. In addition to the hormones of the enteroendocrine cells, numerous peptide hormones (neurotensin, substance P, vasoactive intestinal polypeptide, somatostatin, galanin, calcitonin gene-related peptide, gastrin releasing peptide, neuromedin U, enkephalins, dynorphin) occur in the neurons of the enteric plexus. Some peptides such as VIP and galanin are found in neurons of the enteric system throughout the gastrointestinal tract. Others such as neuromedin U is confined to the neuronal population of the duodenum and jejunum. Likewise, opioids such as enkephalin occur in the intrinsic nerves of the stomach and pyloric sphincter whereas dynorphin is more restricted to the submucosal plexus of the duodenum and ileum. The regulatory peptides found within the gastrointestinal tract (both within endocrine cells or enteric neurons) function as local regulatory molecules and neurotransmitters and/ or neuromodulators. They affect all aspects of digestive function including secretion, motility, absorption, regulation of growth, and may even mediate inflammation occurring within the gastrointestinal tract. Another cell type, the caveolated cell, may be seen occasionally in the epithelial lining. It is a pear-shaped cell with a wide base and narrow apex that protrudes slightly into the lumen. These cells are held in close apposition to neighboring epithelial cells by tight junctions and desmosomes. Caveolated cells have large microvilli that typically contain bundles of actin filaments that extend deep into the supranuclear region. Between the bundles of filaments, caveolae form small elongated channels that extend from the apical cell membrane between microvilli into the deep, apical cytoplasm. This cell type occurs elsewhere in the gastrointestinal tract and in other organs of endodermal origin. They may be chemoreceptors in some regions, as in the respiratory system, but their function in the intestine is unknown. As absorptive intestinal cells migrate up the villus, they increase in height and the striated border becomes more prominent. The function of the enterocyte differs depending on its location along the villus-crypt axis. Those enterocytes deep within the intestinal glands are relatively undifferentiated, whereas enterocytes that line the upper one-third of the intestinal glands and cover the lower one-third of villi are involved primarily in secretion. Enterocytes covering the upper two-thirds of villi are involved primarily in absorption, although not exclusively, as these enterocytes also are involved in secretion but to a lesser extent. Thus, enterocyte function changes during its lifespan as it migrates along the villus-crypt axis to eventually be shed at the villus tip. Chloride ion is moved into enterocytes active in secretion via a sodium, potassium-2 chloride cotransport mechanism. These transmembrane proteins are located in the basolateral plasmalemma. Potassium protein channels and sodium, potassium pumps also localized within the basolateral plasmalemma participate in a cooperative way so that intracellular chloride levels are maintained sufficiently high to allow for passive chloride outflow through chloride channel proteins and CFTR (cystic fibrosis transmembrane regulator protein) chloride channels in the apical plasmalemma. The CFTR protein is an active transporter and requires energy (ATP) to transport chloride ions. Transcellular chloride secretion is thought to be the driving force for the movement of water and sodium through the paracellular route, the net result of which is secretion rich in sodium chloride and water entering the intestinal lumen. During secretion of water by the small intestine it is the chloride ion that is transported first creating a transepithelial gradient followed by sodium and then water. The transmembrane conductance regulator protein that regulates the passage of chloride through the apical plasmalemma is thought to be controlled at least in part by two intestinal peptide hormones called guanylin and uroguanylin. Certain pathogenic strains of enteric bacteria secrete heatstable enterotoxins that mimic the actions of these peptides, which results in "traveler's secretory diarrhea" and is illustrative of the magnitude of fluid production through this system if unchecked.
Intestinal Glands
Small groups of pyramidal-shaped cells with conspicuous granules are found at the bases of the intestinal glands. These are Paneth cells, which, unlike other cells of the intestinal epithelium, form a relatively stable population with a low rate of turnover. Paneth cells have been shown to contain lysozyme and secrete substances called defensins, which protect against infection. Intraepithelial lymphocytes often are seen between and within intestinal epithelial cells that cover villi or line intestinal glands (crypts of Lieberkühn). The intraepithelial lymphocytes are T-lymphocytes (about 80% of these are T-suppressor cells, the remainder being T-helper lymphocytes).
Lamina Propria
The connective tissue of the lamina propria forms the cores of the villi and fills the areas between intestinal glands. The intestinal lamina propria is rich in reticular fibers that form a delicate meshwork containing numerous reticular cells, lymphocytes, plasma cells, macrophages, and eosinophils, giving the lamina propria a very cellular appearance. The lamina propria of the intestinal tract represents a special type of lymphatic tissue and is part of the gut-associated lymphatic tissue (GALT). The free cells of the lamina propria provide a protective sleeve that encircles the intestinal lumen immediately beneath the epithelium. Lymphocytes are the most numerous cells present and provide a vast reserve of immunocompetent cells. The majority of immunocompetent cells in the diffuse lymphatic tissue of the gut lamina propria are T-lymphocytes (about 70% are Thelper cells and the remaining 30% are T-suppressor cells). However, the lymphatic nodules and Peyer's patches do contain both B-and T-lymphocytes. Plasma cells within the lamina propria elaborate immunoglobulin A (IgA), which is taken up by the intestinal absorptive cells and complexed to a protein (secretory piece) that is synthesized by the enterocyte. The complex is then released from the cell and provides a protective surface for the epithelial cells -an immunologic border -against viruses and bacteria. The secretory piece acts as a carrier for the IgA and possibly protects it from lysosomal digestion while it is within the cell and from enzymatic digestion on the luminal surface. Lymphocytes often leave the lamina propria to migrate through the intestinal epithelium into the lumen of the intestine. Lymphatic nodules of variable size lie in the lamina propria, scattered along the entire intestinal tract, but become larger and more numerous distally. They are particularly numerous and well developed in the ileum and often extend the full thickness of the mucosa. The lymphatic nodules may be solitary or grouped together into aggregates called Peyer's patches. These oval structures may be quite large -20 mm in length -and are visible to the naked eye. Peyer's patches may occupy the full depths of the mucosa and submucosa. A peculiar type of cell, the M-cell, lies in the intestinal epithelium that covers the lymphatic nodules. These cells show characteristic microplicae on the luminal surface, rather than microvilli. M-cells sequester intact macromolecules from the intestinal lumen and transport them in membrane-bound vesicles to intraepithelial lymphocytes. The sensitized lymphocytes then migrate to various aggregates of lymphatic tissue in the lamina propria or mesenteric lymph nodes, transporting information to sites of antibody production. M-cells provide a way for the immune system to maintain immunologic surveillance of the environment in the gut lumen and to respond appropriately to any changes. M-cell monitoring of the intestinal lumen is not unique. Langerhans' cells of the epidermis perform a similar function in monitoring the external environment and relaying information to the immune system. Both are considered to be antigen-presenting cells. Lymphatic vessels occur in the lamina propria and are important in fat absorption. Dilated lymphatic channels begin blindly in the cores of villi near their tips and form the central lacteals. Their walls consist of thin endothelial cells surrounded by basal lamina and reticular fibers. At the bases of the villi, the lymphatic capillaries anastomose with those coursing between intestinal glands and form a plexus before passing through the muscularis mucosae. In the submucosa they join larger lymphatic vessels. Vessels that pierce the muscularis mucosae may contain valves.
Muscularis Mucosae
The muscularis mucosae is well defined and consists of an inner circular layer and an outer longitudinal layer of smooth muscle. It is intimately associated with thin elastic fibers. Slips of smooth muscle leave the muscularis mucosae and enter the cores of villi to provide the means by which villi contract. Contraction of villi continuously provides the intestinal epithelium covering the villi with a fresh environment for maximum absorptive efficiency. The pump-like action during contraction also aids in moving absorbed materials into the blood and lymphatic capillaries, out of vessels in the lamina propria, and into the larger vessels of the submucosa and thus further aids the absorptive process. Small arteries run on the inner surface of the muscularis mucosae and break up into capillary networks that form a dense network of fenestrated capillaries just beneath the intestinal epithelium. Near the tips of villi, the capillaries drain into small veins that run downward to anastomose with a venous plexus surrounding the intestinal glands, before joining veins in the submucosa.
Submucosa
The submucosa consists of coarse collagenous fibers and numerous elastic fibers. It often contains lobules of adipose tissue as well as the cells normally associated with loose connective tissue. In the ileum it may contain large aggregates of lymphoid cells that from lymphatic nodules (Peyer's patches). The submucosa of the duodenum houses the duodenal (Brunner's) glands, the ducts of which pierce the muscularis mucosae and drain into overlying intestinal glands. These branched tubular glands are first encountered immediately distal to the pyloric sphincter and extend as far as the proximal jejunum. They often occur in the submucosal cores of the plicae circulares. The duodenal glands are the only submucosal glands present in the gastrointestinal tract and consist of secretory cells with ultrastructural features of serous and mucous cells. In addition to mucin glycoproteins and perhaps a small amount of bicarbonate, Brunner's glands have been shown to elaborate several other factors. Epidermal growth factor is thought to play an important role during the development of the alimentary canal and is believed to be important in wound healing (cytoprotective effects) and liver regeneration. Epidermal growth factor is a peptide that is a potent inhibitor of gastric acid secretion and a peptide that may control proliferation and migration of intestinal epithelial cells in the proximal small intestine. Bactericidal factors such as lysozyme (muramidase), and proteinase inhibitors have been demonstrated in Brunner's glands and are thought to represent a protective mechanism for the overlying duodenal mucosa against the action of microbial and pancreatic proteolytic enzymes in the luminal environment of this region. A sulfated glycoprotein (Apolipoprotein J) also functions to protect the mucosal barrier cells from surface-active components such as bile, in the luminal environment. Thus, incorporated within the mucus layer are factors that guard against the degradation of the mucus layer and underlying mucosa by pancreatic enzymes and other surface active agents associated with this region, as well as factors that promote cellular proliferation and differentiation. Nerve fibers and parasympathetic ganglia form a submucosal plexus (Meissner's plexus) found throughout the submucosa of the esophagus, stomach, and small and large intestines. This plexus provides motor innervation for the muscularis mucosae and the slips of smooth muscle that enter villi or other regions of the mucosa and provide motility. Large blood and lymphatic vessels also are found in the submucosa. The large mesenteric vessels pierce the muscularis externa at its attachment to the mesentery and then enter the submucosa, branch, and run around the circumference of the intestinal tube. The submucosal vessels supply and receive small tributaries from the overlying mucosa.
Muscularis Externa
The muscularis externa consists of inner circular and outer longitudinal layers of smooth muscle. Both layers take a helical course around the intestinal tube. The fibers in the outer layer form a more gradual helix, giving the impression of a longitudinal arrangement. Between the two layers of smooth muscle are the nerve fibers and parasympathetic ganglia of the myenteric plexus. This extensive plexus is found throughout alimentary canal and supplies the motor innervation to smooth muscle forming the muscularis externa of the entire gastrointestinal tract. The number of multipolar neurons within the myenteric plexus is substantial (in excess of 100 million neurons) and may exceed the number of neurons located within the spinal cord. Specialized cells known as the interstitial cells of Cajal also are found throughout the muscularis externa of the gastrointestinal tract and are essential for normal gastrointestinal motility. The interstitial cells of Cajal are divided into several subgroups of mesenchymal derived cells that are found in close association with elements of the enteric nervous system as well as smooth muscle cells. A subpopulation of these cells is regarded as the source of spontaneous slow peristaltic waves within the gastrointestinal musculature and function as pacemaker cells. Others of this family of cells are believed to be involved in the relaxation of smooth muscle triggered by nitric oxide. The observed gastrointestinal movements such as: gastric slow waves (function to mix stomach contents), segmentation waves of small intestine (function in a mixing action), short and long range peristaltic waves (function to move contents over distance) and haustration (contraction rings of colon) appear to be regulated by the interaction of these interstitial cells and the enteric nervous system. In addition to these movements, powerful contractions of the muscularis externa (migrating myoelectric contractions) also occur that move contents of the stomach and small intestine rapidly into the colon. A similar mass movement of contents occurs in the colon.
Serosa
The muscularis externa is invested by a thin layer of loose connective tissue covered by a layer of mesothelial cells of the visceral peritoneum. Where the mesentery attaches to the intestinal wall, the serosa becomes continuous with both sides of the mesentery and encloses connective tissue elements, blood vessels, and nerves. An adventitia is associated with the duodenum.
Ileocecal Junction
The lumen of the ileum becomes continuous with that of the large intestine at the ileocecal junction. Here the lining is thrown into anterior and posterior folds called ileocecal valves, which consist of both the mucosa and submucosa surrounded by a thickening of the inner circular layer of the muscularis externa. The ileocecal valves act to prevent contents of the ileum from passing into the cecum prematurely and also prevent a backflow of fecal contents from the colon into the ileum. The presence of gastrin acts to relax (dilate) the ileocecal valve.
